INTRODUCTION
============

In clinical dentistry, implant supported crown and denture restoration are commonly accepted treatments in managing partially and completely edentulous patients. Titanium is the most widely applied material for dental implant over the last few decades given its excellent biocompatibility, great mechanical properties and corrosion resistance.[@B1] However, compromised esthetics is often related to the exposure of the metal color of titanium abutments, especially in patients with thin mucosa or gingival recession.[@B2] Moreover, titanium dental abutment may generate a galvanic effect after contacting saliva,[@B3] and titanium wear particles can lead to tumor necrosis factor (TNF) alpha-mediated inflammatory responses.[@B4]

Zirconia is a type of biomaterial with adequate mechanical properties and biocompatibility for medical use, such as artificial joints in orthopedics.[@B5] In implant dentistry, yttrium-stabilized tetragonal zirconia polycrystals (Y-TZP) are the main material of zirconia abutment given good esthetics and excellent biocompatibility.[@B6] Moreover, given the "stress-induced phase transformation toughening" characteristic of Y-TZP, zirconia coating presented improved mechanical properties.[@B7] The introduction of zirconia abutment successfully improved the esthetic outcome of implant-supported restoration, but the high brittle properties of zirconia led to low fracture resistance.[@B8] In addition, the poor friction compatibility between zirconia ceramic abutment and titanium implant would cause excessive wear and result in the formation of microleakages and bacterial invasion.[@B9] To combine good toughness of titanium with excellent surface properties of zirconia, the zirconia coating was applied on titanium abutment. However, titanium is easily oxidized, and the non-adhesive TiO~2~ layer would decrease the bond strength between zirconia coating and titanium abutment,[@B10] which impeded the clinical application of zirconia-coated abutment.

The plasma spray technique is a flexible coating preparation technique that is quick and stable[@B11]; moreover, various parameters, such as porosity, crystallization rates and chemical component, are easy to control. Given these features, the plasma spray has been widely used in various types of technical areas.[@B12] In this study, the plasma spray technique will be employed to improve the bond strength between zirconia coating and titanium abutment. We hypothesize that plasma spraying is a reliable technique to prepare zirconia coating on titanium substrate, and that the plasma-sprayed zirconia coatings possess good mechanical properties, biocompatibility, and mechanical compatibility.

MATERIALS AND METHODS
=====================

Medical grade titanium rods (Ti-6AL-4V, length 70 mm, diameter 8 mm) were prepared (Baoji Titanium Industry Company Limited, Baoji, China). All titanium specimens were polished, rinsed and sandblasted with Al~2~O~3~ particles (particle size 110 µm). Nanosized (70 -- 110 nm) yttria-stabilized tetragonal zirconia pelleting powders (Y-TZP, Lida Hi-Tech Special Material Co., Ltd., Changshu, Jiangsu, China) were spray-dried and heat-treated to form circular-shaped particles (15 -- 45 µm). The shaped NSZ particles were plasma sprayed onto the surface of the titanium implant under low vacuum using the SM-80 Plasma spraying system (Xiuma Spraying Machinery Co., Ltd., Shanghai, China) with arc voltage: 82 V, arc current 500 A, powder feed rate 40 g/min, spray distance 70 mm. In addition, compressed air was employed to cool down the titanium specimen and maintain its temperature at approximately 200℃ during the whole spraying period.

To select the thickness of NSZ coating with the best mechanical properties, a series of mechanical tests were conducted on the five groups of specimens (100, 200, 300, 400, and 500 µm). First, the surface roughness of NSZ-coated titanium rods (23 specimens per group) was measured using a mobile roughness-measuring instrument (MarSurf PS1, Mahr, Göttingen, Germany). For each specimen, the measurement of Ra was conducted thrice on six surface areas. Second, three specimens were randomly selected from each group for NSZ-titanium interface analysis using scanning electron microscope (SEM, JSM-6380 LA, JOEL USA Inc., Peabody, MA, USA). The protocol of sample preparation for SEM analysis was described previously. 13 Third, pull-off test was conducted on the remaining twenty specimens in each group using a tensile tester (LDS-5 Digital Display Tensile tester, Lunjie, Shanghai, China). Uncoated titanium rods (length 70 mm, diameter 8 mm) were glued to the coating surface of NSZ-coated titanium rods with epoxy resin (ADBEST E-7, Shanghai Research Institute of Synthetic Resin, Shanghai, China) and cured at 100℃ for 3 hours. The rate of extension was set at 0.5 mm/min, and NSZ-titanium interfacial bond strength (P, MPa) was calculated using formula: P = F/S (F: the value of force recorded when NSZ coating layer is detached from titanium base, N; S: the area of NSZ-titanium interface, in mm2). Finally, the microhardness was obtained for all specimens by measuring the indentations that were produced by a standard Vickers hardness indenter (pyramid-shaped diamond indenter) at 200 g for 20 s (HVS-1000 microhardness tester, Huayin Instrument, Laizhou, Shandong, China). The average values of surface roughness (Ra, n = 23), NSZ-titanium interfacial bond strength (MPa, n = 20) and microhardness (HV, n = 20) were recorded for each specimen tested. ANOVA and LSD-t tests were used to detect the significant differences among groups (SPSS 20.0, α = .05).

Titanium plates were prepared (Ti-6AL-4V, 7 mm × 5 mm, Baoji Titanium Industry Company Limited, Baoji, Shanxi, China) to investigate the biocompatibility of the NSZ coating. The thickness of the NSZ coating was controlled as the best sample in mechanical tests.

To prepare hemolysis assay, fresh rabbit blood was diluted with 0.9% saline (Life Technologies, Grand Island, NY, USA) at 1:20 and kept at 4℃. Three experimental groups were set up as follows: (1) Positive control, 10 mL distilled water + 0.2 mL diluted rabbit blood; (2) Negative control, 10 mL 0.9% saline + 0.2 mL diluted rabbit blood; and (3) Sample, autoclaved NSZ-coated titanium plate + 10 mL 0.9% saline + 0.2 mL diluted rabbit blood. All specimens were incubated at 37℃ for 60 min and then centrifuged at 750 g for 5 min. The optical density (OD) of supernatant was measured at 545 nm using Genequant Pro UV/Vis Spectrometer (Biochrom, Cambridge, England). The hemolysis ratio was calculated using the formula: hemolysis ratio = (OD of sample − OD of negative control) / (OD of positive control − OD of negative control) × 100%.

To test the cytotoxicity of NSZ coating, L929 cells (Catalog\# 85011425, Sigma Aldrich, St. Louis, MO, USA) were seeded into 6-well (1 mL per well) and 96-well (0.1 mL per well) cell culture plates at 5.0 × 10^4^ cells/mL and incubated under regular conditions for 24 h. Then, the culture medium in 96-well cell culture plates was replaced by (1) DMEM (Dulbecco\'s Modified Eagle\'s Medium, Gibco® Life Technologies, Grand Island, NY, USA) with 0.64% phenol (positive control), (2) DMEM (negative control), (3) sample extract (incubating autoclaved NSZ-coated titanium plates in DMEM for 72 h), and (4) DMEM (empty control group, no cells in wells). For cells cultured in 6-well plates, images of cells were taken under phase-contrast microscopy after incubation for 24 h, 48 h, and 72 h. At the same time points, culture medium was removed from 96-well plates, and 100 µl Cell Counting Kit-8 (CCK-8) assay solution (Catalog\# CK04-01, Dojindo Molecular Technologies, Shanghai, China) was added. The OD values were measured at 450 nm using the iMark™ Microplate Absorbance Reader (Bio-Rad, Life Science, Hercules, CA, USA), and the relative growth rate (RGR, %) was calculated using the formula: RGR = (OD of sample or positive control − OD of empty control) / (OD of negative control − OD of empty control) × 100%. According to cytotoxicity grades of US Pharmacopoeia (USP 34), the cytotoxicity grades were rated as 0, 1, 2, 3, 4 corresponding to 100, 80--99, 50--79, 30--49, 0--29 RGR (%), respectively.

In subcutaneous implant assay, all vertebrate animal manipulation was performed in accordance with institutional and national guidelines. This animal experiment was approved by Institutional Animal Care and Use Committee at Shandong University (Grant No. GD201615). As the hosts for NSZ-coated titanium plates, 24 8-week-old male Wistar rats (180 -- 200 g) were purchased from Shandong University Laboratory Animal Center. Before implantation, the animals were anesthetized with intraperitoneal injection of 10% chloral hydrate (0.3 mL/100 g). The NSZ-coated titanium plates were implanted subcutaneously 1 cm away from the dorsolumbar vertebrae followed by subcutaneous injection of penicillin G (160000 U). The animals were randomly divided into 6 groups (n = 4), which were sacrificed at 3 days, 1 week, 2 weeks, 4 weeks, 8 weeks, and 12 weeks after operation. Heart perfusion with 4% paraformaldehyde was used to fix the animals, and the soft tissues surrounding the implant area were harvested. Paraffin-embedded tissue blocks were sectioned at a thickness of 5 µm and were subject to H&E staining.

This study complied with the EQUATOR guidelines.

The parameters of Ankylos® one-piece dental implants (DENTSPLY Implants China, Beijing, China) were obtained using the LPX-250 laser scanner (Roland, Tokyo, Japan) as to prepare the specimens for fatigue test and fracture strength test of NSZ-coated abutments. According to the measurements, medical grade titanium rods (Norman Metal Products, Qingdao, Shandong, China) were employed to fabricate four types of nonthreaded one-piece dental implants (n = 12), which differed in the diameter of abutment neck by (1) 2.6 mm, (2) 2.0 mm, (3) 1.8 mm, and (4) 1.6 mm (the thinnest part of the tapered abutment, white arrow in [Fig. 1A](#F1){ref-type="fig"}).

NSZ was the plasma spayed onto the abutments in groups B, C, and D with a thickness of 300 µm, 400 µm, and 500 µm, respectively. No coatings were prepared on specimens in group A, which were used as the control group. Thus, the diameter of abutments was 2.6 mm in all groups ([Fig. 1B](#F1){ref-type="fig"}). Lava zirconia crowns in the shape of maxillary central incisors (Yangzijing Dental Instrument, Beijing, China) were bonded by RelyX Unicem Self-adhesive Universal Resin Cement (3M, St. Paul, MN, USA) ([Fig. 1C](#F1){ref-type="fig"}). In half of the specimens in each group, a portion of the implant (with exposed abutment and crown) was wrapped by a 0.2-mm polytetrafluoroethylene membrane and embedded in self-cure polymethylmethacrylate. The fatigue test was conducted using a Thermocycling and Mechanical Loading Chewing Simulator (Peking University, Beijing, China). The specimens were oriented at an angle of 135° to the horizontal plane to simulate the 45° buccal-lingual inclination of upper central incisors.[@B14] The 'chewing' force was applied to the lingual surface of crowns 2 mm from the incisal edge (45 N, 5 Hz, 1200000 cycles). The 'oral temperature' alternated between 5℃ and 55℃ every 60 s for 10000 cycles. The accelerated aging process of dental implant was equivalent to clinical use for five years.[@B15] Subsequently, a fracture strength test was conducted on both fatigued and unfatigued specimens (AGS-X Series Electromechanical Precision Universal Tester, Shimadzu Scientific Instruments, Tokyo, Japan). The workpiece holder was placed 2 mm below abutment-implant connection, and the crosshead moved at a rate of 1.5 mm/min and formed an angle of 45° with the long axis of the implant.

The fracture site and maximum loading force (fracture strength, N) were recorded for each specimen. The intergroup significant differences in fracture strength were detected using two-tail Kruskal-Wallis tests and Mann-Whitney U tests (SPSS 20.0, α = .05). Two-tail Wilcoxon signed-rank tests were used for comparison between fatigued and unfatigued specimens (SPSS 20.0, α = .05).

RESULTS
=======

There was no statistically significant difference in surface roughness among the five groups (n = 23, *P* \> .05) ([Fig. 2A](#F2){ref-type="fig"}), and the average Ra values ranged from 0.175 µm to 0.287 µm. In SEM analysis, compared with other groups, 400 µm thick NSZ coating showed a more compact and even distributed transition layer along the NSZ-Ti interface. Micropores or microcracks were minimally detected in both the NSZ coating layer and NSZ-Ti interface ([Fig. 3](#F3){ref-type="fig"}). The transition layer of NSZ coating in 300 µm and 500 µm ([Fig. 3C, 3E](#F3){ref-type="fig"}) groups were not as even as that observed in the 400 µm group, and microcracks could be found. NSZ coatings in the 100 µm and 200 µm groups exhibited porous structures, and the interfaces were clearly delineated without a transition layer ([Fig. 3A, 3B](#F3){ref-type="fig"}).

In pull-off test ([Fig. 2B](#F2){ref-type="fig"}), specimens in the 400 µm group have the highest bond strength at 71.22 ± 1.02 MPa, whereas the 100 µm group presented the minimum value (44.76 ± 2.26 MPa). According to the retrieved specimens after pull-off test, the 400 µm thick NSZ coating was relatively intact ([Fig. 4D](#F4){ref-type="fig"}), and the detachment site was the interface between coatings and resin adhesives. In other groups, the detachment sites were within the NSZ coatings ([Fig. 4A, 4B, 4C, 4E](#F4){ref-type="fig"}).

The microhardness of NSZ coatings ranged from 636.26 ± 5.09 HV (in the 100 µm group) to 662.21 ± 4.96 HV (in the 400 µm group) ([Fig. 2C](#F2){ref-type="fig"}, ANOVA, n = 20, *P* \< .01). The microhardness of the 300 µm, 400 µm, and 500 µm groups were significantly higher than those of the 100 µm and 200 µm groups (LSD-t, n = 20, *P* \< .05), and no statistical significance was noted among the three groups ([Fig. 2C](#F2){ref-type="fig"}, ANOVA, n = 20, *P* \> .05).

In the hemolysis assay, the OD value of positive-control centrifuge tubes was 0.84 ± 0.011, indicating that hemolytic response occurred. In contrast, serum-like supernatant was obtained from the negative control and sample groups, and the average OD values were 0.019 ± 0.002 and 0.025 ± 0.002, respectively ([Fig. 5A](#F5){ref-type="fig"}). The calculated hemolysis ratio of specimens (NSZ-coated titanium plates) was 0.731%.

In cell proliferation and cytotoxicity assays, the morphology and growth rate of L929 cells in the negative control were similar to those observed in specimen group from 24 h to 72 h ([Fig. 5B-6, 9, 12](#F5){ref-type="fig"}). In contrast, a majority of the cells in the positive control group were detached from the dish bottom by the end of 72 h ([Fig. 5B-11](#F5){ref-type="fig"}). In the whole period of time, the OD values in the specimen group were similar to those in the negative control group ([Fig. 5C](#F5){ref-type="fig"}), and RGRs were all greater than 90%, which corresponded to cytotoxicity grade 1 ([Fig. 5D](#F5){ref-type="fig"}).

Tissue responses to NSZ-coated titanium plates were evaluated by subcutaneous implant test on rats. At post-surgery 3 days, the subcutaneous tissue surrounding the NSZ-coated implant exhibited minor inflammatory reactions with a scatter of neutrophils and lymphocytes, and an absence of hyperemia, fibrous sac formation, and tissue necrosis ([Fig. 5E-2](#F5){ref-type="fig"}). At 1 week, subcutaneous tissue was infiltrated by more inflammatory cells, which consisted mainly of neutrophils and lymphocytes ([Fig. 5E-4](#F5){ref-type="fig"}). At 2 weeks, the inflammatory reaction mitigated, which was evidenced by less lymphocytes infiltration, and the fibrous sac started to form ([Fig. 5E-6](#F5){ref-type="fig"}). At 4 weeks, with the appearance of large amount of collagen fibers, the fibrous sac increased extensively in thickness and compactness ([Fig. 5E-8](#F5){ref-type="fig"}). At 8 weeks, foreign body granuloma was not observed and inflammatory cells, including neutrophils, lymphocytes and macrophages, could be barely detected ([Fig. 5E-10](#F5){ref-type="fig"}). At 12 weeks, the NSZ-coated implant was wrapped by highly condensed fibrous tissue with fewer cell components ([Fig. 5E-12](#F5){ref-type="fig"}). There were no signs of degradation of NSZ coating layer in all stages of healing period ([Fig. 5E-2, 4, 6, 8, 10, 12](#F5){ref-type="fig"}). Similar histological findings were obtained from the group of titanium implant without NSZ coating layer ([Fig. 5E-1, 3, 5, 7, 9, 11](#F5){ref-type="fig"}).

In fatigue test and fracture strength test, all specimens remained intact after cyclic loading with temperature changes in the fatigue test, and no detachment or cracking of the NSZ coating was found. In the following fracture strength test, all specimens fractured at the site of the neck abutment, which is the thinnest part of abutments. Regarding fracture strength (N), no difference could be found between fatigued and unfatigued specimens (Wilcoxon signed-rank test, n = 6, *P* \> .05) ([Fig. 6A](#F6){ref-type="fig"}), but there were significant differences across the four groups for both fatigued specimens and unfatigued specimens (Kruskal-Wallis test, n = 6, *P* \< .05) ([Fig. 6B, 6C](#F6){ref-type="fig"}). The abutments without zirconia coating presented the highest fracture strength at 785.5 ± 66.58 N, while the specimens in 500 µm group had the minimum value at 475.67 ± 68.02 N (Mann-Whitney U test, n = 6, *P* \< .05).

DISCUSSION
==========

In this study, the aim was to prepare zirconia coating on titanium abutment using plasma spray technique, improving the bond strength between zirconia coating and titanium substrate, and that the hypothesis was that plasma-sprayed zirconia coatings possess good mechanical properties, biocompatibility, and mechanical compatibility. The biocompatibility of plasma-sprayed NSZ coating was evaluated by hemolysis, cell proliferation, cytotoxicity, and subcutaneous implant assay. The average hemolysis ratio of NSZ-coated implants was 0.731%. This value was within the 5% limit for acceptable blood compatibility of biomaterials.[@B16] In addition, because the RGR value of fibroblast-like cells cultured in NSZ coating extract was greater than 90%, the cytotoxicity of NSZ coating was rated as grade 1. In the subcutaneous implant study, the NSZ-coated titanium plates were encapsulated by a thin layer of fibrous tissue by the end of the 12-week healing period, and no wear products of NSZ coating were observed in histological analysis. Collectively, these findings were consistent with the previous conclusion regarding the biocompatibility of zirconia.[@B6]

Regarding the mechanical properties, bond strength and coating intensity were analyzed. Bond strength is the coating-substrate adhesion, while coating intensity is the ability that coating keeps itself intact. In pull-off test, 400 µm thick NSZ coatings showed the highest coating intensity and bond strength, which were reflected in the intactness and no detachment, respectively. In 100 and 200 µm groups, the majority of coating was detached and it indicated the poor bond strength between coating and substrate. In addition, the detachment in these two groups was scattered and extensive, indicating the poor coating intensity in these two groups. While in 300 and 500 µm groups, the detached parts had clear boundary and centered on a certain area. This indicated the relative higher coating intensity of 300 and 500 µm groups than those of 100 and 200 µm groups.

Comparing the exposed fracture surface among different groups, both the coating intensity and bond strength were low when the NSZ coating was thin (100 and 200 µm). With the increase in coating thickness (300 and 400 µm), the coating exhibited higher bond strength and coating intensity, and only small pieces of exfoliation were observed. When the coating thickness was thicker (500 µm), the coating intensity increased but the bond strength decreased. Thus, to prepare a high-quality zirconia coating, bond strength and coating intensity were all imperative, but it was difficult to balance these two factors while simultaneously maintaining high bond strength and improving coating intensity. In this study, 400 µm represents an ideal thickness for plasma-sprayed NSZ coating under the abovementioned parameters.

In SEM, the transition layer could be found in the 300, 400, and 500 µm groups. In particular, in the 400 µm groups, there was a compact transition layer between NSZ coating and titanium substrate, while a clear boundary and micro-cracks were found at the NSZ-Ti interface in the 100 and 200 µm groups. Taking the same spraying conditions and materials into consideration, the possible reason for the different interface may be that the thicker coating possessed more heat, guaranteeing a sufficient melting and flattening degree of zirconia particles. However, rapid heat reduction would occur in the thinner group, which leads to insufficient melting of zirconia particles and poor coating quality.

Specific information regarding the processes of preparing NSZ coating should be mentioned. The size of zirconia particles is imperative to the morphology and quality of zirconia coating.[@B17] Compared with ordinary microsized zirconia particle, agglomerating nanosized (70 -- 110 nm) zirconia particles to the microscale could simultaneously maintain the high melting and flattening degree and increase the momentum. In addition, the non-melting area could be avoided in ordinary microsized zirconia particles, and the uniformity of zirconia coating could be improved. In addition, compressed air was employed to cool the titanium substrate and maintain its temperature at approximately 200℃ in the whole spraying period, decreasing the formation of the non-adhesive oxide layer, which was recognized as the main reason leading to the low bond strength between zirconia coating and titanium substrate in traditional technology.[@B10] Compared with previous studies[@B18][@B19] that employed the plasma spray technique and zirconia particles to prepare zirconia coating on the titanium substrate, it could be concluded that plasma spray parameters, category of zirconia particles, and coating thickness were all closely related to coating quality and bond strength. In this study, optimized plasma spray parameters were employed, including increased voltage and powder feed rate and decreased current and spray distance. Moreover, Y-TZP was used as a raw material that which contained 3% mol Y~2~O~3~ as a stabilizer, maintaining zirconia in a tetragonal phase (t-ZrO~2~) at room temperature but not a monoclinic phase (m-ZrO~2~). When force was imposed on the zirconia coating, the transformation from t-ZrO~2~ to m-ZrO~2~ synchronized with 3 -- 5% volume expansion and 1 -- 7% shear strain, inhibiting the expansion of cracks to some degree and improving the fracture strength of Y-TZP coating.[@B7] Undoubtedly, the characteristic of "stress-induced phase transformation toughening" improved the coating intensity of NSZ coating and enabled good performance in the abutment test.[@B20][@B21][@B22]

In the fatigue test, the durability of the NSZ coating was evaluated, and all the NSZ-coated abutments survived the 'five-year' cyclic loading of lateral mastication forces without coating detachment or cracking. No significant difference was observed between fatigued and unfatigued specimens in fracture strengths. The minimum value of fracture strength exceeded 400 N, which was greater than the documented bite force of incisor teeth (90 -- 370 N)[@B23] and indicated that NSZ-coated abutment was promisingly applicable in clinical use. With the optimized technological parameters and raw material, there was a significant improvement in fracture strength compared with previous studies, which reported that the fracture strength of one-piece zirconia abutments after thermocycling and fatigue test was 232.1 ± 29.8 N.[@B24] The same test was performed on two-piece zirconia abutments with a titanium base, and the fracture strength was 377.6 N.[@B25]

Another finding to be noted was that the NSZ-coated abutments were less resistant than pure titanium abutments in terms of lateral fracture force. The fracture strengths decreased significantly with the reduction of the diameters of titanium abutments, which suggested the pivotal role of the titanium base in designing dental implants.

There are also some limitations in this study. First, in this study, with the given raw material and plasma spraying parameters, 400 µm zirconia coating showed the best mechanical properties, but the technical parameters and the processing of raw material could be further optimized as to improve the intensity of NSZ-coating and its bond strength with titanium substrate. It has been found in this study that the fracture strength of NSZ-coated abutment decreased significantly with the decrease of the diameter of titanium abutment. Therefore, improving the intensity of zirconia coating and decreasing the required thickness are imperative for increasing the fracture strength of NSZ-coated abutment. Second, a Thermocycling and Mechanical Loading Chewing Simulator was used for five-year fatigue test and achieved 100% survival rate. However, in clinic, patients would expect high success rate at a longer time, like 10-years or 20-years. So, the success rate at longer time should be tested in further study. In addition, maximal cycling number would be another plausible indicator to test the durability of NSZ-coated abutment except fracture strength. Third, the bacteria adhesion and surface characteristics of zirconia coating are the factors that need to be investigated in further study as to avoid peri-implantitis and to ensure the durability of implants. In this study, the surface roughness of the polished NSZ coating reached a minimum of 0.13 µm and it was reported that the nanoscale surface roughness (\< 214 nm) could affect the formation of oral biofilm[@B26] by reducing bacterial adhesion.[@B27] The antibacterial effect of the NSZ coating might also benefit its application in abutments.

CONCLUSION
==========

In this study, the plasma-sprayed NSZ-coated titanium abutments presented sufficient fracture strength and biocompatibility, and it was demonstrated that plasma spray was a reliable method to prepare high-quality Y-TZP coating. In further studies, the parameters of the plasma spray technique will be optimized to achieve better mechanical compatibility between NSZ coating and titanium substrate.
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![Implants for fatigue test and fracture strength test. (A) Implants with different abutment neck (white arrow) diameters were prepared: (1) 2.6 mm, (2) 2.0 mm, (3) 1.8 mm, and (4) 1.6 mm. (B) NSZ coatings were prepared for all abutments. (C) Lava zirconia crowns were bonded on all abutments.](jap-12-157-g001){#F1}

![Mechanical properties of NSZ coating. (A) Surface roughness of different groups (*P* \> .05). (B) NSZ-titanium bonding strength of five groups. \* indicates statistical difference versus 100 µm group with *P* \< .05, \# indicates statistical difference versus 200 µm group with *P* \< .05, \$ indicated statistical difference versus 300 µm group with *P* \< .05, \^ indicated statistical difference versus 400 µm group with *P* \< .05, & indicated statistical difference versus 500 µm group with *P* \< .05. (C) Microhardness of NSZ coatings. There is no difference in microhardness between 100 and 200 µm groups (*P* \> .05), 300, 400, and 500 µm groups also show similar microhardness (*P* \> .05). The microhardness of 300, 400, and 500 µm groups is higher than that of 100, and 200 µm groups (*P* \< .05).](jap-12-157-g002){#F2}

![SEM analysis of NSZ-titanium interface. Nanostructured zirconia (NSZ); Titanium (Ti). The interfaces of 100 µm (A), 200 µm (B), 300 µm (C), 400 µm (D), and 500 µm (E) NSZ coatings were presented (magnification Å\~ 200). NSZ-titanium interface was labeled by \*\*.](jap-12-157-g003){#F3}

![The fractured surfaces of specimens in pull-off test. The fractured surfaces of 100 µm (A), 200 µm (B), 300 µm (C), 400 µm (D), and 500 µm (E) NSZ coatings were presented. The upper were NSZ coated titanium specimens and the nether were titanium specimens which were glued onto. The detachment between coating and glue was labeled by \*\*, the detachment between coating and substrate was labeled by \^\^.](jap-12-157-g004){#F4}

![Biocompatibility study of NSZ coating. Sample group (S); Positive group (P); Negative group (N); Optical density (OD); Relative growth rate (RGR); Titanium plate (Ti); NSZ coated titanium plate (NSZ-Ti). (A) Hemolysis assay. (B) Cell proliferation and cytotoxicity assay (magnification × 40). (C) The OD values in cytotoxicity assay. (D) The RGRs in cytotoxicity assay. (E) Histological analysis of tissue around implants (magnification × 10).](jap-12-157-g005){#F5}

![Fracture strength test for NSZ-coated titanium abutment. (A) No statistically significant difference in fracture strength (N) was found between fatigued and unfatigued specimens. (B) and (C) In both fatigued and unfatigued specimens, there were statistically significant differences in fracture strength could be found between different groups. \* indicates statistical difference versus 100 µm group with *P* \< .05, \# indicates statistical difference versus 200 µm group with *P* \< .05, \$ indicated statistical difference versus 300 µm group with *P* \< .05, \^ indicated statistical difference versus 400 µm group with *P* \< .05, & indicated statistical difference versus 500 µm group with *P* \< .05.](jap-12-157-g006){#F6}
